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ABSTRACT 
 
Advanced spark ignition (SI) engines may better operate under lean or diluted conditions 
for fuel efficiency improvement. Under lean or diluted conditions, the ignition and 
complete combustion of the mixture is a challenge with conventional spark plugs. The 
small spark gap with limited spark energy delivery and the associated heat loss to the 
ground electrode, remain to be an unsolved problem. This research explores the corona 
discharge as an alternative ignition technology to counter the challenges of lean or diluted 
combustion, including the intensive gas flow condition. Without an adjacent ground 
electrode, the corona discharge tends to generate a larger ignition volume and multiple 
flame kernels. The study is based on an in-house designed alternating-current (AC) 
corona system with adjustable electrical parameters. By controlling stable corona 
discharge, the plasma length is characterized, including the effects of discharge voltage, 
discharge duration, discharge frequency, and background conditions on corona discharge. 
Subsequently, ignition research is conducted to combustible mixtures, in constant volume 
chambers, to demonstrate the ignition capability of corona discharge under both quiescent 
and forced flow conditions. The preliminary test results of plasma-enhanced combustion 
are discussed to help future studies on clean combustion innovations. 
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CHAPTER 1 INTRODUCTION 
Automotive engines are facing increasingly stringent fuel efficiency and exhaust 
emissions regulations
[1]
. Recent spark ignition engine research indicates that the 
lean/diluted combustion can help in attaining high fuel efficiency targets
[2,3]
. However, 
under lean/diluted conditions, the ignition and subsequent flame propagation with a 
conventional spark plug tend to be unreliable
[4-6]
. Numerous ignition improvements have 
been attempted in the recent past to enhance the lean/diluted combustion processes
[7,8,9]
.  
1.1 Spark Ignition Systems 
A simplified circuit of a conventional transistor coil ignition (TCI) system is shown in 
Figure 1-1. The TCI system consists of a transistor, a pair of ignition coils, and a spark 
plug. The transistor acts as a switching device, while the pair of ignition coils acts as a 
high voltage transformer
[10]
. Prior to initializing an ignition event, the transistor is 
switched on so that the current starts to flow through the primary coil of the transformer, 
storing energy in its electric field. In Figure 1-1, the current and voltage waveforms are 
presented for a typical spark event, in which the charging duration of the primary coil is 3 
ms. During the charging duration, the current in the primary coil increases gradually. 
When the primary coil’s electric field is cut off, the stored magnetic energy is released in 
three phases
[11]
. First, a high voltage is generated to the spark plug resulting in an electric 
field across the spark gap. This electric field accelerates the electrons and ions between 
the gap which eventually generates a conductive plasma channel connecting the gap. This 
stage is called the breakdown phase. The required breakdown voltage depends on the 
media pressure, temperature, composition, and the gap size and shape
[10]
. The spark gap 
is defined as the space between the ground electrode and the central electrode of a spark 
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plug. The breakdown phase is followed by the arc phase during which the energy stored 
in the coil, and the structure capacitance starts to release. Finally, the discharge process 
transits into the glow phase, releasing most of the stored electrical energy. The remaining 
energy from the secondary coil is dissipated in the plasma by means of a pattern of 
depleting current through the spark channel.  
 
Figure 1- 1. TCI system with secondary current and gap voltage waveforms for a typical 
spark event.  
Three cycles of a cylinder pressure curve of an SI engine is shown under the timeline in 
Figure 1-2. The yellow and green waveforms represent the fuel injection signal and spark 
signal, respectively. The fuel injection command and timing are at the same time point, 
while the spark timing delays the spark command with the charging duration. Thus, the 
response time of the conventional spark ignition system is depending on the charging 
duration of the ignition coil. 
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Figure 1- 2. Ignition technologies with different working frequency ranges. 
According to the previous research, the lean/diluted combustion in SI engines may 
increase cycle-to-cycle variations
[12,13]
. One of the drawbacks of the conventional spark 
ignition system is the limited deployable size of a spark gap. The spark gap commonly is 
in a range of 0.4~1.5 mm. In order to succeed in the breakdown, high cylinder pressure 
engines tend to use small gap size. In addition, the ground electrode may quench the 
initial flame kernel because of the heat loss.  
Even under limited gap size, the length of the spark plasma can still be increased by the 
application of cross-flow to the spark gap. Studies have shown that, in the flow field, the 
plasma channel during the glow phase tends to deflect or stretch out of the spark gap 
along the flow direction
[14]
. Therefore, while this extended spark length can provide 
additional surface area for the flame kernel to develop, the energy density along the spark 
channel is reduced largely in proportion to the flow velocity. Consequently, the local 
energy might not be sufficient to generate a self-sustaining flame kernel. The increasing 
of the discharge current makes it possible to maintain the spark channel and thus to 
suppress the need for restrike
[15]
. However, higher energy TCI systems may accelerate the 
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thermal-electric wear of the spark electrodes, and even risk overheating the transformer. 
In some cases, an increase in the spark gap size may help to succeed in the ignition
[15]
. 
However, a larger gap size requires a higher breakdown voltage. The maximum 
breakdown voltage is ultimately limited by the design parameters of ignition coils and 
dielectric capability of the spark plug ceramic
[10]
.  
1.2 Alternative Ignition Systems for SI Engines 
In recent years, the ignition techniques in SI engines are advancing in an accelerated 
manner. The main objectives of a significant number of ignition research are to increase 
the delivered ignition power or energy, enlarge the ignition site volume, deploy multiple 
ignition sites, and actively control the energy delivery in real time
[16]
. Some of the 
ignition technologies with respect to their working frequency ranges are shown in Figure 
1-3
[17,18]
.  The discharge duration of a conventional TCI system is approximately 1~5 ms, 
including the breakdown, arc, and glow phases. The frequency of discharging events with 
the TCI system can reach 200~1000 Hz. The dual-coil offset/ignition system usually 
works under 1~20 kHz, being able to prolong the glow phase with thermal plasma
[19]
.  
 
Figure 1- 3. Ignition technologies with different working frequency ranges. 
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Several alternative ignition technologies are being explored in modern ignition research
[4]
. 
The radio-frequency (RF) based systems contain a corona ignition system and a barrier 
discharge ignition (BDI) system
[20,21]
. Other technologies include microwave ignition 
system
[22,23]
and laser ignition
[24]
. The majority of these systems are designed for 
lean/diluted combustion applications. 
1.3 Corona Discharge 
The corona discharge has shown a promising ability to promote ignition owing to its high 
discharge energy and large ignition volume
[25]
. Instead of forming a small thermal plasma 
channel as is in the conventional TCI system, corona discharge produces larger and less-
constrained plasma channels with multiple ignition sites. The corona discharge concept 
presented in this thesis is an RF plasma discharge. A resonant principle is applied to 
produce alternating current (AC) corona plasma. In the present research, the frequency 
range of the AC is approximately 800 kHz to 3 MHz. It is expected to generate a larger 
ignition volume compared with the spark ignition system. It may result in a larger initial 
flame kernel, which may aid in the ignition of lean/diluted mixtures
[26]
.
 
1.3.1 Physical Principles of Corona Discharge 
The geometric design of a corona ignitor differs from a traditional spark plug. There is no 
ground electrode of a corona ignitor, and the tip of the central electrode should be an 
antenna, often sharped as a needle for energy discharge. A typical corona discharging 
event is shown in Figure 1-4. The waveforms show the high-frequency command signal, 
secondary voltage, and secondary current. 
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Figure 1- 4. Corona discharge. 
When a high voltage is applied to the electrode, the electrons in the electrode are 
accelerated to high speed. Consequently, the gas molecules around the ignitor tip are 
ionized. This ionization process causes an avalanche effect leading to the breakout of the 
gas media
[27,28]
. During the corona discharge processes, the ionized region grows quickly, 
forming separate filaments, which look similar to the roots of a tree. These are called the 
streamers of corona discharge and are the potential ignition sites, which produce a larger 
ignition volume.  
1.3.2 Applications of Corona Discharge 
There are many practical applications of corona discharge in industry, including the 
automotive, semiconductor, environmental, medical industry, etc
[29-31]
.  
The first commercial implementation of the corona discharge phenomenon was the 
electrostatic precipitator in 1905
[32]
. A mechanical rectifier and an AC transformer for 
high-voltage supply were applied. More recently, corona surface treatment technologies 
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are used for surface modifications on plastics, semiconductors, glass, metals, and 
ceramics. Furthermore, the extreme difference in density and electrical conductivity of 
metallic and nonmetallic materials provides an excellent condition for the application of 
corona electrostatic separation in printed circuit boards (PCBs) recycling
[33]
.  
Additionally, the treating of wool fabric with low-temperature plasmas in O2, Ar, N2, and 
CF4 gases improves the laundry shrink resistance in spite of considerably increased 
frictional coefficients
[34]
. 
In some environmental applications, a key feature of the plasma process is that it 
generates a large flux of energetic electrons, which can be used to initiate or enhance a 
variety of chemical, biological, and physical reactions
[35]
. In the 1980s, corona 
technologies started making numerous progress in removing gaseous pollutants, mostly 
NOx and SOx
[36,37]
. 
The technique of RF corona ignition has raised a lot of attention in recent years and 
moved to the forefront of ignition research
[38,39]
. Other interesting practical applications 
of corona discharge are the corona ignition analysis and the plasma-assisted 
combustion
[40,41]
.  
1.3.3 Existing Corona Ignition Systems 
Although the large-scale applications of corona ignition systems in vehicle production 
have not been reported, vigorous developments of the RF corona ignition technologies 
have been undertaken by a number of automotive technology companies. Notable 
developments are the Advanced Corona Ignition System (ACIS) from Federal-Mogul and 
the Eco-flash System from BorgWarner
[42,43]
. According to the reported results, ACIS has 
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shown better performance compared with the conventional spark ignition. It produces a 
larger initial ignition volume, faster mass-burn fraction, and reduced cycle-to-cycle 
variations
[44]
. 
GM Global Research and Development has examed the performance of ACIS in both 
optical engines and turbocharged, direct-injected, multi-cylinder engines
[45]
. The system 
is tested in the optical engines with different combustion strategies to evaluate its 
capabilities and limitations. For a stoichiometric mixture with the same spark advance 
timing, the ACIS has shorter ignition delay and faster flame kernel formation compared 
with the spark plug system. In the tests, the ACIS also performs better than the spark plug 
system under the condition of 20% exhaust gas recirculation (EGR). However, the ACIS 
requires higher ignition voltage to avoid misfires, mainly due to the increasing pressure at 
the time of ignition. 
1.3.4 Main Benefits and Challenges of Corona Ignition Systems 
The main advantages of RF corona ignition are the large ignition volume, flexible 
combustion control, and continuous energy delivery, as shown in Figure 1-5. Without the 
limitation of spark gap size, the corona release may result in larger ignition volume and 
multi-spot flame kernels
[46,47]
. Without the heat loss on the ground electrode, the RF 
energy can be efficiently delivered to the combustible gas. According to the results, it is 
often believed that corona discharge may promote the initial flame propagation, extend 
the flammability limits, and improve flame stability
[39-48]
. 
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Figure 1- 5. Main advantages of corona discharge. 
One of the major challenges of RF corona ignition is the avoidance of arcing. When a 
metal surface comes close to the streamers, an arc tends to form. The arc may happen 
with a sudden surge in both discharge voltage and current. Consequently, this would lead 
to an outage in the discharge voltage and current owing to the limited power supply. In a 
corona system, the duration and intensity of an arc may not be sufficient to provide 
reliable ignition. The arcing may also result in excessive wear of the igniter tip. Thus, 
chamber geometry is important. The corona arcing is especially problematic in 
downsized engines.  
Additionally, the distribution of the electric field close to the igniter tip can be easily 
distorted by external disturbances
[48-51]
. The lab test results by Federal-Mogul 
Corporation show the effects of gas media density and supply voltage effects on the RF 
corona formation of the ACIS
[47]
. It indicates that the increase in gas media density 
significantly suppresses the corona discharge. It also suggests that the in-cylinder thermal 
and chemical processes can cause electronics control challenges. This is mainly attributed 
to the dramatic variations of the in-cylinder gas media conditions.  
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1.3.5 Plasma-assisted Combustion and Applications 
The technique of RF corona ignition has raised much attention and has moved to the 
forefront of ignition research in the past few years. Plasma-assisted combustion is 
considered to be a promising technology to improve engine performance, stabilize lean 
burn flame, reduce exhaust emissions, and enhance low-temperature fuel oxidation, etc
[52]
. 
Over the last decade, significant progress has been made towards the understanding of the 
fundamental chemistry and dynamic processes in plasma-assisted combustion
[55-55]
. The 
results of streamer high frequency (HF) discharge
[56]
 and nanosecond pulsed discharge 
(NPD)
[57]
 have shown that plasma can enhance ignition, improve flame stabilization, and 
fuel/air mixing via chemical, thermal, and plasma-induced aerodynamic effects.  
Although the above studies have successfully demonstrated the effectiveness of plasma in 
different areas, it remains uncertain that what kind of plasma is the most efficient for 
combustion enhancement
[58]
. Moreover, detailed plasma-combustion chemistry has not 
been well understood. It is also difficult to ascertain whether the observed enhancement is 
caused by the thermal or kinetic effect, owing to the large variation of plasma 
characteristics. 
1.4 Thesis Outline 
Chapter 1 begins with the motivation of improving ignition performance in lean/diluted 
combustion. Based on the advantages and limitations of conventional spark ignition 
systems, the advanced ignition systems are introduced by surveying the state-of-the-art 
ignition technologies. The background research in corona ignition is presented, which 
consists of the physical principles and recent applications of corona discharge. 
Furthermore, the existing corona ignition systems are briefed. The main benefits and 
 
 
11 
 
challenges of corona ignition are dutifully presented in due diligence. Lastly, the potential 
applications of corona-assisted combustion are proposed for automotive engines. 
In Chapter 2, an in-house designed and fabricated AC corona system is presented in 
detail, in conjunction with the data acquisition method. Along with the commanded 
timeline, typical voltage and current waveforms of corona discharge are discussed. The 
author further undertakes the combustion tests in a constant volume combustion chamber 
(CVCC), with optical access to observe corona discharge formation, and to measure the 
electrical signal magnitude.  
In Chapter 3, the effects on corona plasma length are characterized. Different parameters 
contain discharge voltage, frequency, duration, and background conditions.  
Combustion tests under both the quiescent and flow conditions are presented in Chapter 4. 
The progress of flame kernel formation and early flame development are compared, by 
using spark ignition and corona ignition. A preliminary investigation of AC corona-
assisted combustion is produced, mainly from empirical studies. The flame propagation 
processes are obtained by high-speed imaging. 
In Chapter 5, the author provides a summary of the research conducted, lists the main 
conclusions, and proposes future work.  
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CHAPTER 2 EXPERIMENTAL SETUPS 
In Chapter 2, an in-house designed AC corona discharge system is introduced in detail, 
including its electrical circuit, empirical setup, and ignition control. A data acquisition 
method for measuring the corona ignition system is presented, from which the typical 
voltage and current waveforms are derived and discussed. The author performs 
combustion tests in a constant volume combustion chamber (CVCC), with optical access 
to observe corona discharge formation, in addition to measure the electrical signal 
magnitudes per pressure variation. The original corona ignition system used in this work 
was devised by post-doctoral researcher Shui Yu at the University of Windsor Clean 
Combustion Engine Laboratory
[59].  
2.1 High-frequency Ignition Driver 
A corona ignition system consists of three parts: an ignition driver, a high voltage 
resonator, and a corona igniter. The high-frequency ignition driver circuit, of 400 kHz to 
4 MHz capability, is shown in Figure 2-1. The power driver converts direct current (DC) 
voltage with a range of 20~300 V to an AC voltage in the primary coil with a range of 
300~ 500 V. This induces a higher potential AC voltage in the secondary coil around 5 ~ 
15 kV. The frequency of the primary waveform is controlled by the transistor-transistor 
logic (TTL) signals. Ideally, a resonance is produced in the secondary circuit, thereby 
attaining the required voltage amplification.  
The corona ignition system is mostly configured as a series-resonant R-L-C circuit, i.e. a 
resistor-inductor-capacitor circuit. The selection of operating frequency has wide-ranging 
effects on the performance of the system. 
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C
 
Figure 2- 1. A high-frequency ignition driver circuit of the corona ignition system. 
It is known
[19,60]
 that this series resonant circuit shown in Figure 2-1 will produce the 
maximum output voltage at a frequency given by: 
𝑓𝑟 =
1
2𝜋√𝐿𝐶
                                                         (2.1) 
where, 𝑓𝑟 = Resonant frequency (Hz), L = Equivalent inductance (H), C = Equivalent 
capacitance (F).  
At the resonant frequency, the capacitive and the inductive reactances counteract each 
other. The resultant impedance is a pure resistance
[62]
. The equations describing the 
relationship between the magnitude of impedance and circuit parameters, and the phase 
difference between the voltage and current signals are given below 
 
 
14 
 
|𝑍| = √𝑅2 + (2𝜋𝑓𝐿 −
1
2𝜋𝑓𝐶
)                                                 (2.2) 
∅ = tan−1 (
2𝜋𝑓𝐿−
1
2𝜋𝑓𝐶
𝑅
)                                              (2.3) 
where ∅ is the phase difference between voltage and current signals, |𝑍| represents the 
magnitude of the overall impedance of the R-L-C circuit. The phase difference between 
voltage and current signals is an important parameter for the energy calculation of corona 
discharge. 
In the corona ignition system, it is often the case that the equivalent capacitance is 
difficult for a designer to apprehend. A corona igniter by body structure typically 
contributes to the majority of the capacitance in the circuit. In addition, unlike the 
conventional spark plugs, the combustion chamber surrounding a corona igniter is 
considered as the ground electrode. Thus, the capacitance in Figure 2-1 also includes the 
capacitance between the igniter tip to the combustion chamber. The corona ignitor will 
typically have an electrode with one or more relatively sharp tips, which is similar to the 
structure of signal releasing antennas. They are designed to produce locally high electric 
field strength from which corona forms. 
2.2 Experimental Setup with a CVCC 
A schematic of the empirical setup for the corona ignition system is shown in Figure 2-2.  
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Figure 2- 2. Schematic of corona ignition system with shadowgraph imaging. 
A set of combustion chambers of different sizes and functions are used. First, the corona 
discharge tests are conducted in an optical combustion chamber with a cylindrical inner 
volume of 25 mm in diameter and 25 mm in length. The chamber is operated under 
constant volume combustion conditions. Two recessed 1/4 inch ports are used for filling 
and exhausting the chamber. Two quartz windows with an 8 cm viewport in diameter 
provide an optical path through the chamber in the axial direction of the cylindrical 
volume. Second, tests with turbulence flow are conducted in an optical chamber with 0.2 
liters in volume. The shadowgraph images are captured through two quartz windows with 
a 62 mm viewport in diameter.  
The static pressure of the chamber is measured by a Swagelok PTI-S-NG5000-22AQ 
pressure sensor
[19,61]
. The dynamic pressure during a combustion process is measured by 
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a Kistler 6043A60 pressure sensor
[19,61]
. For the tests undertaken, the chamber is 
equipped with a rupture disk designed to stand 60 bar pressure.  
The command TTL signals are controlled by an RT-FPGA, i.e. real-time field-
programmable gate array. The sinusoidal AC voltage in the primary coil induces a higher 
potential AC voltage across the secondary coil. The required voltage amplification in the 
secondary circuit can be obtained by adjusting the frequency of the command signal.  
2.3 Data Acquisition 
2.3.1 Optical Data Acquisition 
The flame kernel development is recorded by using a shadowgraph imaging system. The 
shadowgraph imaging setup consists of a Luminous Devices CBT-90 white LED 
light
[19,61]
, a 0.4 mm pinhole aperture, two 6-inch f/8 parabolic mirrors, and a Vision 
Research Phantom V7.3 high-speed camera
[19,61]
. Parabolic mirrors are placed 
approximately nine feet apart on the opposing sides of an optical table. The LED light is 
placed at the focal point of one mirror, four feet apart, and approximately 10.5° off axis. 
The pinhole is placed immediately in front of the LED emitting surface. The camera is 
placed at the focal point of the second mirror, with an equal angle off the central axis. 
The camera is typically run at a resolution of 256 × 256 to increase the frame rate to 
36,697 fps. For tests using the CVCC, a Nikon 105 mm f/2.8 macro lens is used to match 
the image size to the active sensor area.  
In addition to the shadowgraph imaging, direct imaging is performed with the camera 
placed in-line with the optical port and the lens focused on the igniter. Direct imaging is 
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used to capture the shape and color of the plasma generated by corona discharge. A 
consumer Canon 6D digital single-lens reflex camera is used to capture color and long-
exposure images. 
2.3.2 Numerical Data Acquisition 
For the measurements of the high voltage at the secondary side, a Tektronix high-voltage 
probe with 1000:1 attenuation is used
[19,60,61]
. The discharge current is measured by an 
inductive Pearson 411 wide-band current monitor probe. The voltage and current signals 
are recorded by a PicoScope 4824 digital storage oscilloscope.  
The measured points of the voltage and current signals are shown in Figure 2-2. The 
frequency of the command signal is set to 435 kHz. When the command signal is sent to 
the driver circuit, the amplitude of the secondary voltage and current will first increase 
before the values stabilize at certain levels. The electric oscillation within the secondary 
circuit of the corona ignition system sustains the corona discharge from the igniter tip. 
An example of the command signal, measured secondary voltage signal, and measured 
secondary current signal is plotted in Figure 2-3. The waveforms of discharge voltage and 
current are sinusoidal waveforms with a phase difference. In an AC circuit, the 
instantaneous values of the voltage, current and therefore power are constantly changing. 
It is more convenient and easier on the maths to use the average or mean value of the 
power. Over a fixed number of cycles, the average value of the instantaneous power of 
corona discharge is simply given as:  
𝑃 = 𝑉 × 𝐼 × cos 𝜃                                                         (2.4) 
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Where V and I are the Root-Mean-Square values of discharge voltage and current, and θ 
is the phase difference between the discharge voltage and the current. The units of power 
are in watts (W). The measured voltage and current signals are typically assumed to be 
traveling at the speed of light. In the experimental setup, the high-frequency ignition 
driver, the high-voltage probe, the current monitor and the coaxial cables for transmitting 
may cause the propagation delay for the signals displayed on the oscilloscope and 
subsequent measurement. The phase difference between the discharge voltage and 
current might change. Consequently, the calculation of the instantaneous power and 
discharge energy may be affected
[60]
.  
 
Figure 2- 3. The command signal, measured secondary voltage signal, and measured 
current signal during corona discharge. 
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CHAPTER 3 CHARACTERIZATION OF CORONA PLASMA LENGTH  
In recent years, extensive research on RF corona ignition has revealed promising results 
in expanding the ignitability of lean/ diluted mixtures, producing potential gains in fuel 
efficiency. However, substantial physical challenges remain on the effective formation of 
corona
[63]
. In this chapter, the deployable length of corona streamers under the influence 
of various mixture conditions are characterized. The investigated parameters include the 
electric discharge voltage, frequency, duration, and the background pressure and 
composition.  
3.1 Effect of Discharge Voltage 
The electric voltage waveforms of corona discharge, under atmospheric conditions, are 
shown in Figure 3-1, in which comparisons are also made with the waveforms of spark 
discharge.  
 
Figure 3- 1. The discharge voltage waveforms of corona vs. spark under atmospheric 
condition. 
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The discharge duration of the corona event is 2 ms. In comparison, the charging duration 
for the primary coil of the spark event is 2 ms, while the discharge duration of the 
secondary coil is a ballistic event of 1~2 ms depending on the coil and spark plug design, 
and background conditions. 
The measurements are conducted for discharges in air at 2 bar absolute pressure. The 
breakout of corona discharge happens when the discharge voltage reaches a peak value 
after several cycles of resonance, which is shown in Figure 3-1. Using the present setup, 
the magnitude of the discharge voltage can be lifted by increasing the primary voltage. In 
this test, the breakout discharge voltage of corona is initially set at 8 kV. After the 
breakout, the waveform magnitude declines slightly and stabilizes until commanded off. 
Under the current setup, the corona will not release when the peak discharge voltage is 
lower than 8 kV. The normal corona discharge takes place when the peak discharge 
voltage is in the range of 8 kV to 10 kV, exceeding which an arcing event will be 
generated.  
For a conventional TCI system, the spark sets off at the breakdown voltage across the 
spark gap. The comparison between the breakout discharge voltages of corona and the 
conventional spark is shown in Figure 3-2.  
The breakout discharge voltage of corona under an increasing pressure presents an 
upward requirement which is similar to the breakdown voltage threshold of a 
conventional spark. Under a specific low pressure, the breakdown voltage of a spark 
event for the TCI system is lower than the breakout voltage of corona discharge, as 
observed in this study. However, the rising rate of the corona breakout discharge voltage 
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is lower as the background pressure rises, which leads to a relatively low breakout 
voltage of corona discharge under high pressures. 
 
Figure 3- 2. The peak discharge voltages of corona vs. the breakdown voltages of 
conventional spark under different pressures. 
When a command signal is sent to the power driver of the corona system, the secondary 
voltage and current will be devised to ascend oscillation until reaching certain values for 
apparent energy discharge. The continuous electric oscillation within the secondary 
circuit of the corona ignition system sustains the corona discharge from the igniter tip. In 
this work, the maximum length of the streamers released during corona discharge is 
ascribed as the length of the corona plasma. The direct images in Figure 3-3 show the 
streamer shapes of the corona plasma after the breakout under the moderately pressurized 
air using different discharge voltages. The corona discharge durations are 1 ms in all 
cases and the exposure time of the camera is 167 μs. As the discharge voltage rises from 
4000 V to 9000 V, the strength of corona discharge tends to increase. The length of the 
corona plasma grows significantly. 
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Figure 3- 3. The effect of discharge voltage on corona plasma length.  
3.2 Effect of Discharge Duration 
In addition to the increase of voltage to achieve stronger corona discharge, an increase in 
the duration of a discharge event is also a feasible way to improve the discharge 
performance via increasing the discharge energy. Figure 3-4 illustrates the corona 
discharge at 1 bar and 6 bar gauge pressure for discharge durations ranging from 0.1 ms 
to 4 ms.  
At a discharge duration of 0.1 ms, the discharge is barely established and almost invisible. 
At a discharge duration of 0.25 ms, the substantial discharge penetration, under such 
pressure and voltage, is reached. Further duration increases result in a greater number of 
subsequent streamers, whereas the increase in pressure results in the streamer spatial 
coverage. When the discharge duration is increased to 2 ms and 4 ms, at a background of 
1 bar gauge pressure, the corona discharge can be seen leading on the front surface of the 
ceramic support. This surface leaking discharge is suppressed at the higher pressure 
condition, however. 
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Figure 3- 4. Pressure and duration effect on corona plasma length. 
3.3 Effect of Discharge Frequency  
In this section, the primary voltage and discharge duration are kept constant. Under the 
testing conditions, the corona plasma length is also related to the frequency of the 
command signal within the selected frequency range (1.11~1.18MHz). The results are 
shown in Figure 3-5.  
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Figure 3- 5. The corona plasma length within the selected frequency range of the 
command signals. 
In Figure 3-5, the length of corona plasma is ascribed as the radius of a circle in the 2-
dimensional image, whose center is the igniter tip. The circle encloses all visible 
discharge streamers. The lengths of the corona plasma are plotted against frequency in 
Figure 3-6.  
   
Figure 3- 6. The maximum length of the discharged streamers within the selected 
operating range of frequency. 
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As shown in Figure 3-5 and Figure 3-6, the length of corona plasma increases with the 
frequency, until the resonance frequency under this testing condition of 1.17MHz is 
reached. Thereafter, the streamers will shorten as the frequency further rises. 
3.4 Effect of Background Media and Pressure 
The length of corona plasma is strongly influenced by the background pressure.  At a 
constant primary voltage, the streamer penetration is shorter under elevated pressures.  
Under higher pressures, the electrons and ions may lose energy by more frequent 
collisions, while the kinetic energy loss may hinder further ionization
[64]
. This can be 
partially overcome by increasing the electrical field strength through higher voltage under 
a fixed oscillation frequency.  
The background gas type and pressure value often lead to different ionization coefficients, 
attachment coefficients, and the mobility status of the space charges. Thus, it is important 
to find out the influence of different background gases and pressures on the corona 
discharge. The direct images of corona discharge under various background conditions 
are shown in Figure 3-7, using helium, argon, and nitrogen gases. The input energy is 
kept the same by adjusting the primary voltage and discharge duration of the ignition 
system. In order to capture the whole discharge formation, the exposure time of the direct 
image camera and the corona discharge duration are set to 2 seconds and 50 ms, 
respectively, using a wide window to record a narrow event. 
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Figure 3- 7. Direct images of corona discharge using different background gases and 
under different pressures. 
According to the direct images in Figure 3-7, the corona discharge under vacuum 
conditions tends to generate relative homogeneous plasma. The length of corona plasma 
can be affected by the gas components. When the pressure rises above atmospheric 
pressure, distinct corona streamers start to form. Plasma colors appear differently under 
different gases. 
The corona discharge releases from the high voltage electrode, while the ground 
electrode is formed on the surrounding chamber surfaces. Thus, a fundamental advantage 
of the corona discharge is capable of providing long streamers that carry intensive energy. 
Besides the color and shape differences of corona plasma under different gases, the 
length of corona plasma, however, is observed to decrease as the pressure increases. 
Fundamentally, pressure rise means an increase in gas density. These direct images 
indicate that it is more difficult for corona to discharge stably under high pressures. 
Further investigations and discussions are required to explain the phenomenon 
quantitively. 
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In the circuit of Figure 2-1, the current-voltage relationship with the equivalent 
capacitance is 
𝑑𝑉𝑐
𝑑𝑡
=
𝐼𝑠
𝐶
                                                                (3.1) 
where Vc and Is are the discharge voltage and current of the corona, respectively. As 
mentioned in Chapter 2, the equivalent capacitance includes the surrounding 
configuration of the corona igniter. Such equivalent capacitance is mainly affected by the 
gas composition and pressure in the combustion chamber. The duration of corona 
discharge is 40 μs. With the least square fitting method[65],  the equivalent capacitance 
during corona discharge under different pressures is calculated and plotted in Figure 3-8. 
 
Figure 3- 8. The equivalent capacitance with corona discharge under different pressures. 
As shown in Figure 3-8, under these testing conditions, the equivalent capacitances tend 
to be stable from 20 μs. After the corona discharge event with 40 μs duration, the lower 
background pressure 5 bar tends to form a larger equivalent capacitance. As it is shown in 
the above experimental results in this section, it is easier for corona to discharge with 
longer plasma lengths under low pressure. It might be easier for corona discharge with 
larger equivalent capacitance in the corona ignition system. 
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CHAPTER 4 IGNITION CAPABILITY OF CORONA DISCHARGE  
The empirical research of the corona ignition of combustible mixtures is presented in 
Chapter 4. The results are divided into two parts, i.e. under quiescent and forced flow 
conditions in the constant volume combustion chamber. The flame kernel developments 
obtained from either spark or corona ignition are processed, and compared with each 
other. The effect of corona discharge on the flame kernel propagation is tested 
preliminarily and analyzed quantitatively. The flame propagation processes are recorded 
by the high-speed imaging, from which the flame areas are estimated using MATLAB 
software.  
4.1 Effect of Discharge Voltage 
In this section, the effect of primary voltage as a corona control parameter on the ignition 
event is examined. The experiments indicate that the corona discharge voltage has an 
impact on corona plasma length and streamer branching. The increasing strength of 
corona discharge may also influence the flame propagation. The corona discharge and 
subsequent flame propagation with the discharge duration of 80 µs and discharge voltage 
in the range of 4000 to 9000 V are shown in Figure 4-1. As shown in Figure 4-1, the 
flame expands faster with higher discharge voltage.  
Under this testing condition, with the lowest discharge voltage of 4000 V, the corona 
discharge tends to generate three visible corona streamers in the image recorded. 
However, only one site of ignition occurs near the electrode tip. The sustainable flame 
kernel is formed near the electrode tip because of the high plasma intensity near the tip. 
The initial density gradients created in the other branches dissipate and fail to generate 
sites of flame kernels,  after approximately 1 ms. 
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It is noted that when the discharge voltage is increased to 9000 V, even arcing is 
observed accessing from the igniter tip to the internal surface of the combustion chamber. 
Ignition occurs instantaneously along with the arcing streamer. Therefore, the discharge 
voltage adjusted by the primary voltage can be used as a control parameter to improve the 
flame propagation. In each test, the corona is released for 80 μs at 435 kHz under an 
absolute pressure of 2 bar. 
 
Figure 4- 1. Shadowgraph images of corona ignition in the propane-air mixture. 
To quantify the flame propagation, the areas of the flame front from the 2D images are 
calculated and plotted in Figure 4-2. When the discharge voltage is 9000 V, the largest 
initial flame kernel and the fastest flame propagation are observed. 
0.10 ms
0.25 ms
0.50 ms
1.10 ms
2.20 ms
Corona Primary Voltage
4000 V 6000 V 7000 V 9000 V
Propane - air λ = 1
Pressure : 2 bar Absolute
Duration: 80 µs corona 
Frequency: 435 kHz
0.10 ms
0.25 ms
0.50 ms
1.10 ms
2.20 ms
Corona Discharge Voltage
4000 V 6000 V 7000 V 9000 V
Propane - air λ = 1
Pressure : 2 bar absolute
Duration: 80 µs corona 
Frequency: 435 kHz
 
 
30 
 
 
Figure 4- 2. Areas of the flame fronts under different discharge voltage levels. 
The arcing event improves the flame formation of the air-fuel mixture in the 
demonstrated experiments. However, the high current surge during arcing may generate a 
considerable amount of heat which accelerates the wearing of the igniter tip. 
4.2 Ignition Capability of Corona Discharge under Quiescent Conditions 
Figure 4-3 compares the images of the ignition processes generated by a conventional 
spark with an RF corona discharge. Owing to the low energy level of the conventional 
spark discharge of 40 mJ in 1 ms, the initial flame kernel is smaller. In addition, the 
ground electrode seems to hinder the flame kernel development under the testing 
conditions. The flame kernel is still contained in the gap peripheral after 500 μs and 
exceeds the ground electrode after 1000 μs.  
2
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Figure 4- 3. Shadowgraph images of spark and corona ignition under quiescent condition. 
In comparison, the effectiveness of the RF corona ignition system designed at the 
author’s laboratory allows fast flame kernel formation and flame development. In stark 
contrast to the spark discharge, the corona discharge often produces multiple streamers. 
The flame kernel development is no longer hindered by an otherwise adjacent ground 
electrode. As a result, the flame early flame development of combustion can be 
significantly promoted, e.g. with the continuous supply of corona.  
4.3 Ignition Capability of Corona Discharge under Forced Flow Conditions 
The speed of flame propagation is reduced under lean/diluted conditions. In order to 
promote complete combustion, the enhancement of in-cylinder flow is an effective way 
to speed up the flame propagation. However, it is observed that the flow may bring more 
challenges to the spark ignition process
[67]
. Thereby, because the ignition volume of 
corona discharge is sufficiently large, the initial flame kernel can be sufficiently strong to 
form stable ignition processes. The high-speed shadowgraph images of spark ignition and 
corona ignition under forced flow conditions are shown in Figure 4-4. The charging 
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duration of the spark event is 4 ms and the discharge duration of the corona is 1 ms. The 
results show that, compared with the small ignition volume of conventional spark ignition, 
at least four streamers are formed of the corona discharge at an early stage, e.g. at 100 μs. 
As a result, the initial flame kernel and subsequent flame propagation are improved. 
Furthermore, under forced flow conditions, provided that the flame kernel formation 
sustains, the enhanced motion of the combustible mixture may speed up the flame 
propagation for both ignition cases. 
 
Figure 4- 4. Shadowgraph images of the spark and corona ignition cases under quiescent 
and forced flow conditions. 
4.4 Flame Propagation Enhancement by Corona Discharge 
In this section, the potential application of corona discharge on flame propagation 
enhancement is studied. The initial combustion flame is generated by the corona ignition 
with a discharge duration of 1 ms. At 3 ms, after the initial discharge onset, another 
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command of 1 ms pulse is added to the corona ignition system. As a result, the post 
corona discharge is released in presence of the formerly formed flame. In order to further 
characterize the effects of post corona discharge on flame propagation, a pulse train of 
four corona discharge events are applied to the initial combustion flame. The discharge 
currents under different conditions are shown in Figure 4-5. The baseline test is shown at 
the top of Figure 4-5, while discharge currents of one post and four post pulses assisted 
ignition events are plotted follow on.  
 
Figure 4- 5. Discharge currents of 1 ms corona ignition, one post and four post pulses 
corona-assisted ignition. 
The scope of the corona discharge and flame development are demonstrated with the 
shadowgraph images in Figure 4-6. When a subsequent post pulse of corona discharge is 
applied, it is obvious that the existing flame is accelerated saliently. Moreover, the flame 
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surface pattern becomes progressively corrugated, which effectively increases the flame 
propagation.  
 
Figure 4- 6. Shadowgraph images of corona ignition and corona assisted flame 
propagation.  
The quantitative values of the flame area in the shadowgraph images are shown in Figure 
4-7, based on the results of the baseline corona ignition test and post corona assisted 
combustion tests. The increasing flame areas of the corona-assisted tests suggest the 
enhancement of combustion by the post corona pulses. On account of the ionized 
characteristics of the combustion flame, the AC electric field likely distorts the otherwise 
smooth flame front. Thus, stronger ion activation is generated, which enhances the speed 
of flame propagation. As it is discussed previously, besides the chemical influence, the 
thermal effect of the corona discharge may also speed up the flame kernel growth. 
Further fundamental research on the mechanism of corona-assisted combustion is 
necessary. 
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Figure 4- 7. Flame areas of corona ignition and corona assisted flame propagation. 
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CHAPTER 5 CONCLUSIONS AND FUTURE WORK 
This chapter provides a summary of the main research results and the conclusions from 
the work performed.  Recommendations for future research are also provided. 
5.1 Conclusions  
The corona discharge is considered to be one of the promising ignition methods to 
improve the performance of the lean/diluted combustion processes
[4]
. The setup of an in-
house designed RF corona ignition system has been discussed and its parameter 
sensitivities have been demonstrated. By controlling stable corona discharge, the corona 
plasma length is characterized, including the effects of discharge voltage, discharge 
duration, discharge frequency, and background conditions on corona discharge. The 
ignition study has been conducted further to combustible mixtures. The ignition 
capabilities of corona discharge under both quiescent and forced flow conditions are 
demonstrated. The results are summarized below. 
 The corona discharge provides larger ignition volume and its growth is impeded 
less due to the absence of a ground electrode. In a specific range, e.g. 8 kV~ 10 
kV, the discharge voltage will generate normal corona discharge. However, the 
undervalued discharge voltage may not be sufficient to generate visible corona 
streamers and excessive discharge voltage may cause arcing.  
 Within the normal RF power oscillation range, the increases of discharge voltage 
and duration will both result in a greater number of subsequent streamers and 
longer corona plasma length. At a constant discharge voltage and duration, the 
streamer penetration is shorter under elevated background pressures. The corona 
discharge will release longer streamers under the hardware resonance frequency. 
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 In this ignition research, the control and development of the flame kernel 
initiation are accomplished through the gating of corona discharge. The Increase 
of the corona discharge voltage generates the flame with the larger surface area. 
Provided that the flame kernel formation sustains, an enhanced motion of the 
combustible mixture may speed up the flame propagation. 
5.2 Future Work  
Based on the research in the past decades, RF corona discharge, e.g. electrostatic 
separation, used in the surface treatment industries
 [33,34]
, is considered as cold plasma. 
However, the temperature levels of corona discharge for ignition applications have been 
investigated insufficiently. In future work, the spectral analyses can be made to help 
quantify the characteristics of corona discharge plasma. The plasma temperature can be 
calculated with the Specair software
[68]
. The parameters that may affect the plasma 
temperature, such as discharge voltage, discharge duration, and background pressure et 
cetera, are recommended to be evaluated. More detailed tests and theoretical analyses are 
necessary for future research. 
The closed-loop feedback control over combustion in actual internal combustion engines 
is very important, which can be made possible with the use of robust combustion sensing 
and diagnosing methods. The ion current measurement with a spark plug is one of the 
diagnosing methods. However, conventional spark plug based techniques have certain 
limitations. The spark plug gap, for instance, is optimized for spark discharge, rather than 
ion current measurement. Moreover, the measurement is limited to a single spatial 
location unless multiple sensors are installed. The flame propagation is slow and the 
density of detectable ions is low under lean or diluted conditions. The ion current 
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measurement with a spark plug may not be able to diagnose the ion signals under lean or 
diluted conditions. Additionally, the ion current signal is often blocked out by the spark 
current during the spark event. 
As it is presented previously, without the presence of a spark plug gap, corona discharge 
is very sensitive to the surrounding environment. Different background gases and 
pressures in the combustion chamber may cause variations in the corona discharge. The 
gas density and temperature may lead to different ionizing capabilities of gas molecules. 
The preliminary investigations can be extended by the author, using corona discharge to 
perform the flame diagnoses in future research. 
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APPENDICES  
Appendix A 
A schematic diagram of the averaged electron temperature and electron number density is 
shown in Figure A-1 for different types of plasmas, corona, direct current (DC) 
discharge, microwave (MW) discharge; dielectric barrier discharge (DBD), radio-
frequency discharge (RF), glow discharge, gliding arc, nanosecond pulsed discharge 
(NSD), arc, magneto-hydrodynamic discharge (MHD), and flame
[52]
. The electron 
temperature and number density of plasma are governed by the reduced electric field 
(E/N, the electric field strength divided by the molecular number density). 
 
Figure A-1. Schematic of electron temperature and number density for different 
discharges.  
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Appendix B 
Matlab code of phase difference calculation 
clear 
clc 
Date='20190624-'; 
for j=4 
    if j<10 
        filename=['000',num2str(j)]; 
    else 
        filename=['00',num2str(j)]; 
    end 
Title=[Date,filename,'.csv'] 
  
time=csvread(Title,4,0,[4,0,10000,0])/1000;% ms 
%% 
chA=csvread(Title,4,1,[4,1,10000,1]);% trigger, V 
chE=csvread(Title,4,2,[4,2,10000,2])*10;% current A 
chG=csvread(Title,4,3,[4,3,10000,3]);%k voltage 
  
Sampletime=0.0001; 
Fs=1/Sampletime;%(time(2)-time(1));%sampling frequency 
dchA=diff(chA); 
rR=find(dchA>1); 
rF=find(dchA<-1); 
  
rS=rR(1);%locate active signal starting point 
rE=length(time);%locate active signal ending point 
  
ntime=time(rS:rE); 
nA=chA(rS:rE); 
nE=chE(rS:rE); 
nG=chG(rS:rE); 
[Aa,Bb] = butter(2,0.7); 
fnA=filtfilt(Aa,Bb,nA); 
fnE=filtfilt(Aa,Bb,nE); 
fnG=filtfilt(Aa,Bb,nG); 
mnA=mean(fnA); 
fnA=fnA-mnA; 
  
Peakc=find(fnE==max(fnE)); 
Peakt=ntime(Peakc) 
plot(ntime,fnE,'r') 
set(gca, 'FontName', 'Arial', 'FontSize', 14) 
xlabel('Time(ms)') 
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ylabel('Current(A)') 
xlim([0 0.02])  
  
n=0; 
  
for i=2:1:length(fnE)-1 
    
 if fnE(i-1)*fnE(i+1)<0   
      n=n+1; 
    flag(n)=i; 
 end 
  
 if n>1 
      
 if flag(n)-flag(n-1)==1 
    n=n-1; 
end 
end 
end 
mtime(1)=0; 
n=1; 
for i=1:2:length(flag) 
    if i+2>length(flag) 
        break 
    else 
    [~,Aloc(n)]=min(fnA(flag(i):flag(i+2))); 
    [~,Eloc(n)]=min(fnE(flag(i):flag(i+2))); 
    [~,Gloc(n)]=min(fnG(flag(i):flag(i+2))); 
    cycle(n)=flag(i+2)-flag(i); 
    mtime(n+1)=mtime(n)+cycle(n)/1000; 
    n=n+1;  
    end 
end 
  
[Mm,Nn] = butter(2,0.2); 
  
PhaseG_A=(Gloc-Aloc).*360./cycle; 
fPhaseG_A=filtfilt(Mm,Nn,PhaseG_A); 
  
PhaseG_E=((Gloc-Eloc).*360./cycle); 
fPhaseG_E=filtfilt(Mm,Nn,PhaseG_E); 
  
PhaseH_Eb=mean(fPhaseG_E); 
PhaseH_Ea=mean(fPhaseG_E); 
end 
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Matlab code of  flame area calculation 
clear 
clc 
  
mainfolder = pwd;% cd('processed') 
mkdir('bksub') 
initial='_000'; 
format='bmp'; 
tr_left=0; 
tr_right=0; 
tr_top=30; 
tr_bottom=0; 
background_img=imread('_000001.bmp'); 
  
area=zeros(10,1); 
cell_count=zeros(10,1); %amount of cells that exhibit light 
int_total=zeros(10,1); 
int_avg=zeros(10,1); 
  
Injfiles = dir(fullfile(mainfolder, '*.bmp')); 
img_total=length(Injfiles)-2; 
for j=1:img_total 
    if j<10 
        filename=[initial,'00',num2str(j),'.',format]; 
    end 
    if j<100&j>=10 
        filename=[initial,'0',num2str(j),'.',format]; 
    end 
    if j<1000&j>=100 
        filename=[initial,num2str(j),'.',format]; 
    end 
     
    img_curr_full=imread(filename); 
    img_curr_sub=(img_curr_full-background_img)*1; 
     
    [x,y]=size(img_curr_sub); 
    img_curr_sub=img_curr_sub(tr_top+1:x-tr_bottom,tr_left+1:y-tr_right); 
   
    bb=img_curr_sub; 
    for i=1:3 
        se=strel('disk',4); 
        hh=imdilate(bb,se); 
        bb=hh; 
    end 
    see=strel('disk',4);     
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    hd=imclose(hh,see); 
    hh=hd; 
     
   hdd=imfill(hd,'holes'); 
    hd=hdd; 
     
    pix_orig=hd; 
    pix_orig(find(pix_orig<=15))=0; 
     
    hd(find(hd>15))=255; 
    hd(find(hd<=15))=0; 
    hd = bwperim(hd,8); 
    hdd=imfill(hd,'holes'); 
    area(j,1)=bwarea(hdd)*0.0259; 
        cell_count(j,1)=sum(sum(pix_orig>0)); %amount of cells that exhibit light 
        int_total(j,1)=sum(sum(pix_orig)); 
        int_avg(j,1)=int_total(j,1)/cell_count(j,1); %light intensity per cell with any bit of  
    cd('bksub') 
     imwrite(hdd,filename,format); 
    xlswrite('area-8.xls', [area, int_total, cell_count]); 
    cd(mainfolder)     
end 
t=[1:img_total]'*27.5/1000; 
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